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STEAM ENGINE RESEARCH FOR SOLAR PARABOLIC DISH

Roger L. Demler
Foster-Miller Associates, Inc.
Waltham, Massachusetts

ABSTRACT

A steam engine design and experimental program is exploring the efficiency
potential of a small 25 kW compound reheat cycle piston engine. An engine
efficiency of 35 percent is estimated for a 700°C steam temperature from
the solar receiver.

BACKGROUND

The parabolic dish solar concentrator provides an opportunity to generate
high grade energy in a modular system. Most of the capital cost is projected
to be in the dish and its installation. Assurance of a high production
demand of a standard dish coculd lead to dramatic cost reductions. High
Froduction volume in turn depends upon maximum application flexibility by
providing energy output options, e.g. heat, electricity, chemicals and
combinations thereof. Subsets of these options include energy storage and
combustion assist.

Individual dish mounted engine generator sets represent a major market
opportunity.

The Market
Projecting new product market potential is a risky business. Presuming
success in meeting system cost and performance goals, dish-engine production

has been studied in the 10,000 to 100,000 range of annual unit volume.

Selection of the best engine type from among the Brayton, Stirling and
Rankine engines will have to wait for development results.

The Steam Rankine Engine

The positive displacement steam engine is an excellent fit in the component
chain. High efficiency at moderate temperatures (55 to 59 percent of Carnot)
yields high dish and receiver efficiencies as well. Engine efficiency is
insensitive to load and ambient variations. A high efficiency 60 Hz alter-
nator can be directly driven. Waste heat is accessible and at a useful
temperature. Combustion assist and thermal storage coupling are straight-
forward.

All of the hardware is conventional in materials of construction and virtually

already mass p:oduced. The needed research is limited to the durability
development of the hot cylinder, valves and long term water quality needs.
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DESIGN STUDY

Two independent steam engine design studies were conducted for the DOE para-
bolic solar dish program managed by JPL. NASA LeRC as solar engine consul-
tants contracted with Jay Carter Enterprises (1) and ourselves, Foster-Miller
Associates (FM%) (2) for parametric znd preliminary designs. The results
were very similar in concept and performance potential.

The system arrangement places the high temperature and pressure engine compo-
nents in the shadow of the receiver. The 60 Hz generator is directly driven.
An atmospheric pressure condensor is mounted on the ground and cooled with a
natural draft stack. FMA selected a drain down sump buried below the frost
line. The water boost/emergency receiver coolant pump and electronics are
also at ground level.

Compound expansion reheat cycles were chosen to maximize efficiency (Figure 1).
One high pressure cylinder and qne low vressure cylinder were predicted to be
as efficient as any other combination of cylinder numbers.

Performance Analysis

FMA, combined with acquisition of the engine research group of Scientific
Enerqgy sSystems, Inc., has developed a steam expander perfcrmance model. This
work (3) is based on 5,000 hours of steam expander testing at an inlet temper-
ature of 5400C. The important conculsions from this work were used to analyze
the potential of cycle variations matched to specific expander designs

(Figure 2, Table 1).

Trends of interest are the influences of temperature and pressure ratios.
Increasing inlet temperatures result in increasing efficiency nearly propor-
tional to the respective Carnot efficiencies. Increasing pressure ratios
increase ~fficiency but with little benefit at the higher pressures. The
limiting factors are the onset of cyclic heat transfer in the cylinders when
the higher expansion ratios drive the exhaust temperature below the inlet
steam saturation temperature and increasing friction losses in the larger low
pressure cylinders required to handle the increasing exhaust volume.

Preliminary Design Study

The selected cycle and design approach were matched to a reheat steam receiver
study conducted by AiResearch. The peak steam pressure and tempciature were
selected based on the demonstrated properties of stainless steels. ASME code
properties for 316SS were judged to be adequate but Incoloy 800H, an iron
based higher alloy, is suggested as a more cost effective material for the
high pressure tubing.

The engine specifications (Table 2, Figure 3) calls for a low piston speed,
30 Hz expander of moderate displacement. Engine efficiency over the load
range exceeds 34 percent.

Four features of the system design are unproven. The first issue is the

validity of the performance model. The supporting data is derived from a
lower temperature but higher stage pressure ratio engine. The extrapolation
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TAPLE 1. PARAMETRIC DESIGN

DETAILS
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TABLE 2. PRELIMINARY DESIGN SPECIFICATION
Two cylinder, opponed, sinqle throw crank
Sinale actipg with crossheads
Compround cxpansion with reheat
Inlrt temperaturnrs 973K (1292F)
Atmospheric pressure condensing
foppet valves, fredwater pressure actuated
Counterflow: 3% clearance volume
Carhen piston rings (no 011 in steam)
Speed: 601 rad/s (1800 rpm) nominal - actual == 1840 rpm
Stroke: €8 mm (2.67 in.)
Piston specd: 4.1 »/s (ROO ft/min)
Stage 1 Stage 11
Inlet pressure, MPa (lh/in.?) 1?2 (1750) 1.1 (1%3)
Rote, mm (tn.) ) 43 (1.71) 149 (5.86)
Displacement, cm  (in. ") 100 {6.12) 1179 (72.0)
Maximum piston thrust, kN (1b) 17.0 (3816) 17.4 (3916)
Design
Performance Point Maxiiwum Minimum
Electric output, kWe 21 26 13
Cut-off (V) 18.0 23.0 11.2
fFlow rate, q/s (l1b/hr) 16.8 (136) 21.0 (166} 11.1 (”7.9)
Stage 1 MFF, Mra (1b/in.?2) 4.2 (602) 5.1 (737 2.7 (389)
Stage 11 MEV, kPa (ib/in.7) %Y (52.6) 444 (64.4) 234 (13.9)
TkW (IHF) 25.1 (31 9) 31.0 (41.%) 16.3 (21.9)
Expander efficiency (W) R7.9 87.4 82.0
Engine ctfictoncy (V) 5.9 3%.9 34.1
Alternator efficiency 92,1 al1.6 90.0
Net eirctrical efficioncy (3) 1%.0 33.0 1.4
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is done from basic principals starting from individually measured losses such
as friction, pressure and hcat transfer. A sensitivity analysis of each loss
mechanism indicates that the net efficiency is rath«c forgiving. The reheat
steam cycle is uniquely forgiving of internal losses by virtue of its highly
regenerative nature (reheat recovery and feedwater heater) and low pumping
power (1l percent).

The high steam temperature is unusual in a steam power system. Fossil fueled
plants are primarily limited by sulfur corrosion on the air side. Internally,
steam turbines are considered to be life limited by particulate ~rosion ot the
transonic blades and low cycle fatique of the massive rotors. The small piston
engine is relatively free of these problems. A more severe problem may be the
long term water quality that can be economically provided in the field.

Twe design choices recommeded for development are dry lubricated viston rings
and water pressure actuated hydraulic valves. O0il lubricated rings have been
proven in steam with a 370°C face temperature in a 540°C expander. A similar
environmen* could be obtainea zor this design using the hidden and cooled
techniques used in Stirling engines with plastic rings. Avoidarce of oil
carryover and cylinder cooling losses suggests that dry '-brication is a
valuable goal.

Similarly the valve actuation system could be accomplished with a cam and
tappet system and/or a piston opened bash valve on the intake. It was felt
that performance, complexity, life, ard sealing would all benetit from feed-
water pressure actuated pistons on the valve stems.

EXPANDER RESEARCH

FMA is starting to test the critical expander features of the preliminary
design. Funding is provided by DOE through a small business proycam for
Innovative Research on Solar Thermal Power Systems (4).

A prototype compound expander following the general principals and sizing
results of the study has been built to test cylinder performance, dry
(graphite) piston rings and water actuated valves.

The first build graphite piston rings are rectangular unbalanced snap types.
Pressure balancing can be incorporated in later builds when basic pressure
velocity wear data is obtained. Other alternative piston sealing methods
such as hard on hard pairs and controlled leakage options can also be
researched.

The valve actuation method is currently subject to Government patent disclosure.
In principal feedwater pressure operates on alternate sides of a piston on

the valve stem. A mechanically driven spool valve switches tho water and is
close coupled to the valve piston to minimize line dynamics. Squeeze film
dampening is used on both ends of the valve stroke to control impact velocities.

The expander design is intended to grow into a field demonstration engine

if the research results are encouraging. For example, the crankcase includes
complete balancing shafts and accessory drive shafts.
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